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(54) Fiber optic hydrophone having rigid mandrel 



(57) A fiber optic interferometric sensor for use in a 
hydrophone systenri at high pressures includes a refer- 
ence fiber (26) wrapped around a rigid inner cylinder 
(32). A solid layer (42) of compliant material is applied 
over the reference fiber (26). The sensing arm (24) of 



the interferometer is wound over the layer (42) of mate- 
rial applied over the reference fiber (26). The outer ma- 
terial (42) is sufficiently compliant to provide acoustic 
sensitivity comparable to that of air-backed hydro- 
phones. 
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Description 

BACKGROUND OF THE INVENTION 

This invention relates generally to fiber optic hydro- 
phones and particularly tc a solid interlerometric liber 
optic hydrophone. Still nnore particularly, this invention 
relates to a solid interferomelric fiber optic hydrophone 
that is suitable tor operation at high pressures with high, 
linear acoustic sensitivity and low sensitivity to linear ac- 
celeration. 

Heretofore, fiber optic hydrophones have com- 
prised two concentric hollow mandrels, each wrapped 
with a length of optical fiber that forms one leg of an 
optical interferometer. The outer mandrel typically is 
thin-walled so that its radius changes in response to in- 
cident acoustic pressure. A sealed air cavity is formed 
between the two mandrels. The inner mandrel is typi- 
caliy either thin-walled, with its interior exposed to the 
ambient pressure so that its radius would change in the 
opposite sense from that of the outer mandrel under 
acoustic pressure ("push-pull" configuration), or rela- 
tively thick-walled, and possibly filled with a solid potting 
compound to serve as a "reference arm" for the interfer- 
ometer. 

The thin sensing shells bacl^ed by an air cavity are 
very compliant and provide a sensitive hydrophone. The 
cylindrical shape provides for a low net change in fiber 
length (i.e. low sensitivity) due to linear accelerations, 
which is desirable in a hydrophone. The ability to sun/ive 
submersion to great depth must be provided by ensuring 
that the outer shell is thick enough to resist being 
crushed by the water pressure. 

This depth survival requirement limits the compli- 
ance that the mandrel can exhibit in response to acous- 
tic signals. Hence, with the prior art hydrophone tech- 
nology it is difficult to deploy a sensitive hydrophone in 
an array that must survive at depth. 

Production of these hydrophones is also time con- 
suming and costly because the air cavity between the 
two mandrels must be sealed. This seal must allow (or 
passage of fiber through it to the outside of the inner 
mandrel. This is a delicate assembly process, and leak- 
ing and fiber breakage at this seal is not an uncommon 
failure mechanism of these instruments. 

The air cavity can also support acoustic resonanc- 
es. The relatively low speed of sound in air and the high 
damping of acoustic waves in the air cavity can cooper- 
ate to establish these resonances within the acoustic 
detection bandwidth. This limits the frequency range of 
linear operation of the hydrophone, and can be prob- 
lematic in some hydrophone designs. 

SUMMARY OF THE INVENTION 

The present invention uses an interferomelric ar- 
rangement of the signals guided by sensing and refer- 
ence fibers. A reference fiber is wrapped around a rigid 



inner cylinder Instead of sensing with an air-backed out- 
er shell. Rs in tho prior art. a solid layer of compliant ma- 
terial IS applied over the reference fiber The sensing 
arm of the interferometer is wound over the layer o! ma- 

s terial applied over the reference fiber. The outer material 
is sufficiently compliant to provide acoustic sensitivity 
comparable to that of air-backed hydrophones The 
present invention provides greater sensitivity than that 
of air-backed designs intended for operation at great 

10 depth The cylindrical shape is retained, and so the 
present invention has excellent resistance to accelera- 
tion sensitivity 

Unlike prbr art fiber optic hydrophones, the present 
invention does not cause concern about being crushed 

'S under high pressure. Assembly of the device is greatly 
simplified by not having to seal an air cavity with a fiber 
feedthrough. The cost of the device is also lowered by 
simplifying the design of its pieces and increasing the 
yield of the assembly process. Reliability should in- 

20 crease with diminished probability of the devices spring- 
ing leaks in the usage. The solid composition of the de- 
vice is also expected to prevent any acoustic resonance 
activity over quite a broad range of acoustic frequencies. 

An interferomelric fiber optic hydrophone according 
to the invention comprises a rigid mandrel. A fibor optic 
interferometer having a sensing arm, a reference arm 
are formed on the rigid mandrel. The interferometer in- 
cludes apparatus for processing optical signals output 
from the fiber optic interferometer tc measure acoustic 

30 pressure. The reference arm comprises a length of op- 
tical fiber wound around the rigid mandrel arranged to 
have a substantially constant optical path length when 
the fiber optic hydrophone is exposed to an acoustic 
field. The sensing arm comprises a length of optical fiber 

3S formed as a coil and arranged to undergo an optical path 
length change when the fiber optic hydrophone is ex- 
posed to an acoustic field. 

The fiber optic hydrophone according to the inven- 
tion preferably further includes an elastic material 

40 placed over the reference arm, and the sensing arm is 
coil wound over the elastic material such that the sens- 
ing arm and reference arm are concentric. The elastic 
material may comprises urethane or other similar mate- 
rial. 

-*s The sensing arm coil may be encased in an elastic 
material and spaced apart from the reference arm in- 
stead of being concentric as is conventional. 

An appreciation of the objectives of the present in- 
vention and a more complete understanding of its struc- 

50 ture and method of operation may be had by studying 
the following description of the preferred embodiment 
and by referring to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

ss 

FIG. 1 illustrates a Mach-Zehnder interferometer 
structure that may be used for sensing changes in 
acoustic pressure: 
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FIG. 2 illustratQS a first embodiment of the invention 
in wtiich sensing and reference fibers are wound on 
a solid mandrel: 

FIG. 3 Illustrates a step in forming fiber optic hydro- 
phone according to a second embodiment of the in- 
vention having a reference arm coil formed on a riq- 
id mandrel and a sensing arm coil formed on a man- 
drel that is to be removed from the sensing arm coil 
after potting; 

FIG. 4 illustrates a the fiber optic hydrophone 
formed according to the step of FIG. 3: and 
FIG. 5 illustrates a fiber optic hydrophone according 
to the invention formed on a hollow rigid mandrel. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

FIG. 1 illustrates a basic structure for a fiber optic 
Mach-Zehnder interferometer 10 that may be used in 
forming a solid fiber optic hydrophone according to the 
invention. The invention may be pracliced using any 
type of fiber optic interfeiometei and is not limited to the 
particular structure shown in FIG 1. 

An optical signal source 12 provides an optical sig- 
nal input to an optical fiber 1 4 that then guides the optical 
signal to a fiber optic coupler 16. The fiberoptic coupler 
includes the optical fiber 14 and a second optical fiber 
1 8 arranged so that a portion of the optical signal guided 
to the fiber optic coupler 16 via the optical fiber 14 is 
coupled into the optical fiber 18 The optical fibers 14 
and 18 guide optical signals to a second fiber optic cou- 
pler 20 where a portion of the optical signal guided by 
the optical fiber 18 is coupled into the optical fiber 14. 
The combination of the optical signals that have propa- 
gated along the optical fibers 14 and 18 produces an 
interference pattern. The combined optical signals are 
directed to a photodetector 22, which produces electri- 
cal signals indicative of the optical intensity in the inter- 
ference pattern. 

In the Mach-Zehnder interferometer 10, the por- 
tions of the optical fibers 14 and 18 that are between the 
fiber optic couplers 16 and 20 will be referred to as the 
sensing arm 24 and the reference arm 26, respectively 
When the sensing arm. is exposed to an acoustic field, 
changes in the field produce changes in the optical path 
length of the sensing arm 24. Any change in the optical 
path difference between the sensing are 24 and the ref- 
erence arm 26 changes the interference pattern, which 
changes the elecirical signals output from the photode- 
tector 22. In a fiber optic hydrophone, the electrical out- 
put of the photodetector 22 is calibrated to indicate the 
intensity of the acoustic field. 

In the present invention the sensing arm 24 and the 
reference arm 26 arc wound on a mandrel structure. 
FIG. 2 illustrates a solid mandrel 30 that may be included 
in a fiber optic hydrophone according to the invention. 
It is to be understood that the sensing arm 24 and the 
reference arm 26 in FIG 2 are arranged to be included 
in an optical interferometer as exemplified by the Mach- 



Zehnder interferometer of FIG. 1 . The mandrel 30 pref- 
erably is formed as a solid rod 32 with end flanges 34 
and 36. The reference arm 26 of the fiber optic interfer- 
ometer IS preferably wet wound directly on the rod 32. 
5 which may be formed of a suitable metal or other suffi- 
ciently rigid material. A potting material 40 is then ap- 
plied over the reference arm 26. An elastic layer 42 
formed of a material such as urethane or the like is ap- 
plied over the reference arm 26 The sensing arm 24 is 
10 then wound over the elastic layer 42 and then covered 
with an additional elastic layer 44. 

When the mandrel 30 with the sensing arm 24 and 
reference ami 26 secured thereto as described above 
is immersed in water and subjected to an acoustic field, 
'5 the length of the reference arm 26 is stable because it 
is wound on the rigid rod 32. Changes In the acoustic 
field cause changes in the length of the sensing arm 24, 
which changes the optical path length of the sensing 
arm and produces an optical signal that may be proc- 

20 essed to measure the changes in ihe acoustic field in- 
tensity as explained above with refeience to FIG. 1. 

FIG. 3 illustrates an embodiment of the invention in 
which the sensing and reference arms are laterally sep- 
arated so that they are not concentric as in FIG. 2. The 

25 reference arm 26 is wound and potted with a material 
57 on a solid mandrel 50 that includes a rigid rod 52 that 
has end flanges 54 and 56. The sensing arm 24 Is 
wound on a collapsible mandrel 58 and then potted with 
a material 60 such as urethane so that the sensing arm 

30 24 retains the shape of the mandrel 58. 

Referring to FIG. 4. the mandrel 58 is removed from 
the center of the sensing coil, which leaves a cavity 62 
inside the sensing arm 24. The cavity 62 preferably is 
filled with urethane 64 or other similar material so that 

3S the sensing arm 24 is totally encased. Because the ref- 
erence arm 26 is wound and potted on the rigid, solid 
mandrel 50, exposure to an acoustic field has no effect 
on the optical path length of the reference arm. The 
sensing arm 24, being encased in a flexible material 

■*o such as urethane undergoes a change in optical path 
length in response to exposure to the acoustic field. 

FIG. 5 illustrates a thick-walled hollow mandrel 70 
that may be used instead of the solid mandrel. The man- 
drel 70 has a central cavity 72 that may be used for stor- 

■<s ing the fiber optic couplers 16 and 20. The cylindrical 
wall 74 of the mandrel 70 should be sufficiently thick that 
it is non-compliant when submerged in water to the 
depth where the invention is to be used. The fiberoptic 
couplers 16 and 20 may be stored inside the cavity 72. 

so If the mandrel 70 is not sufficiently rigid, then it should 
be filled with a rigid potting material 74. This invention 
is particularly well suited for use in an extended, flexible, 
spatially weighted fiber optic intorforomotric hydro- 
phone where most of the inner mandrels are solid any- 

ss way, and the fiber optic couplers are stored only within 
the end two mandrels or in separate housings beyond 
the mandrels 

The scale factor of a fiber optic hydrophone is typ- 
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ically expressed as the ratio of radians of interferometer 
output to incident acoustic pressure At a nominal am- 
bient pressure of about 700 psi. which corresponds to 
a depth of about 1 500 feet, the scale factor of a fiber 
optic hydrophone formed in accordance with the present s 
invention was 0.3 dB greater than the scale factor of a 
device of nearly identical size constructed with an air- 
backed mandrel designed for high pressure survivabili- 
ty 

The structures and methods disclosed herein illus- »o 
trate the principles of the present invention. The inven- 
tion may be embodied in other specific forms without 
departing from its spirit or essential characteristics. The 
described embodiments are to be considered in all re- 
spects as exemplary and illustrative rather than restric- '5 
tive. Therefore, the appended claims rather than the 
foregoing description define the scope of the invention. 
All modifications to the embodiments described herein 
that come within the meaning and range of equivalence 
of the claims are embraced within the scope of the in- 20 
vention. 



Claims 

2S 

1 . An interferometric fiber optic hydrophone, compris- 
ing: 

a rigid mandrel: 

a fiber optic interferometer having a sensing so 
arm, a reference arm and apparatus for 
processing optical signals output from the fiber 
optic interferometer to measure acoustic pres- 
sure, 

the reference arm comprising a length of optical 3S 
fiber wound around the rigid mandrel and ar- 
ranged to have a substantially constant optical 
path length when the fiber optic hydrophone is 
exposed to an acoustic field, 
the sensing arm comprising a length of optical -to 
fiber formed as a coil and arranged to undergo 
an optical path length change when the fiber 
optic hydrophone is exposed to an acoustic 
field. 

45 

2. The fiber optic hydrophone of Claim 1 further includ- 
ing an elastic material placed over the reference 
arm and wherein the sensing arm is coil wound over 
the elastic material such that the sensing arm and 
reference arm are concentric. 

3. The fiber optic hydrophone of Claim 2 wherein the 
elastic material comprises urcthanc. 

4. The fiber optic hydrophone of Claim 1 wherein the 55 
sensing arm coii is encased in an elastic material 
and spaced apart from the reference arm. 
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(54) Fiber optic hydrophone having rigid mandrel 



(57) A fiber optic interferometric sensor for use in a 
hydrophone system at high pressures includes a refer- 
ence fiber (26) wrapped around a rigid inner cylinder 
(32). A solid layer (42) of compliant material is applied 
over the reference fiber (26). The sensing arm (24) of 



the interferometer is wound over the layer (42) of mate- 
rial applied over the reference fiber (26). The outer ma- 
terial (42) is sufficiently compliant to provide acoustic 
sensitivity comparable to that of air-backed hydro- 
phones. 
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